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SUMMARY

A numberof noise-suppressionnozzlesweretestedon full-scale
8 engines.In general,thesenozzlesachievednoisereductionby themix-

inginterferenceof adjacentjets,thatis,by usingmultiple-slotnoz-
zles. Severalof thenozzlesachievedretictionsin soundpowerof
about5 decibels(nesrly70 percent)withsmallthrustlosses(approx..
1 percent).

. Themaximumsound-presstirelevelwas reducedbyas muchas 18
decibelsin particularfrequencybands. Someof thenozzlesshowedcon-
siderablespatialasymmetry,thatis,the soundfieldwas notrotational-
ly symmetrical.

A methodof calculatingthe limitingfrequencyaffectedby such
nozzlesis presented.Furthermore,dataareshownwhichappearto in-
dicatethatfurtherreductionsin soundpowerwillnotbe easilyachieved
fromnozzlesusingmixinginterferenceas a meansof noisesuppression.

INTRODUCTION

Thenormaldevelopmentof the jetenginehasproducedsizablein-
creasesin thrustand,also,unfortunately,jet-enginenoise. In fact,
currentjetenginessretrulyawesomenoiseproducers.Thereare several
approachesto reducingthe jet-enginenoiseheardby theobserver,that
is,thepublic. Thetakeoffand climb-outpatternof theaircraft(ref.
1) canbe adjustedto causethe leastannoyance,-or theengineitself’
canbe msdequieter.

It is wellestablishedthattheprincipalsourceof jet-enginenoise
arisesfromtheturbulentmixingof the jetwiththe surroundingatmos-
phere(ref.2). Thenoisegeneratedby thisprocessis a functionof the
productof theeighthpowerof the jetvelocityandthe setsrea(refs.

. 2 and3). Consequently,reductionsin Jetvelocitywillgreatlyreduce

.
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noise. To accomplishthis,however,meansa changein theenginecycle,
forexsmple,thebypassengine,or a completelynew enginedesigncon-
cept,forexample,the low-temperatureengine(ref.4). In anycase,
sucha developmentprogrsmwouldrequireyearsbeforea reliableand
testedproductcouldbe installedon newaircrafk Therefore,the
presentproblemis to quiet-existingengines.

Sincethenoisegenerationresultsfromtheturbulentmixingof the
jet,a changein thisprocessshouldresultin a changein noise-.Most
of thenoise-reductiondevicestestedduringthe lastseveralyearshave
beenbasedon thisprincipal.A greatmanydifferentdeviceshavebeen
tried(refs.5 to 7),but,in general,allseekto alterthemixingproc-
esseitherby odd-shapednozzlesorby theinterferenceof multiplejets.

A theoryrelatingjetturbulenceto noisegenerationis discussed
in reference8. Themostsignificantresultof thisworkrelatesthe
eddysizeandtheturbulentintensityto noisegeneration.As a result
of thisanalysis,it appearsthatreductionof noisegenerationcanbe
accomplishedin oneof thefollowingways: (1)Eddysizeis decreased
at constantturbulentintensity,(2)turbulentintensityis decreasedat
constanteddysize,or (3),andmostdesirable,botheddysizeandin-
tensityaredecreased.Thefactthatit is knownhownoisereduction
maybe accomplishedhelpssomewhat,but it is certainlynotreadilyap-
parentwhatphysicaldeviceswillresultin anyof thethreesuggested
meansof noisereduction.

Thedevicesdiscussedhereinfollowthegeneralprinciplesoutlined
foraccomplishingnoisereduction.Someof thedeviceswhichwillbe
discussedhavebeentriedelsewhereandarepresentedas confirmationof
previouswork. Theinvestigationreportedhereinwas conductedat the
NACALewislaboratoryas partof a long-rangestudyof jetnoiseand
meansforitssuppression.

Thefollowingsymbols

SYM80LS

areusedin thisreport:

A exitareaof nozzle,sq ft

% ambientspeedof sound,ft/sec

D nozzledhnet-er,ft

F enginethrust,lb

.
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frequency,cps

frequencycorrespondingto x distance,cps

jetheight(seefig.6(b)),ft

enginespeed,percentof ratedrpm

numberof spacesbetweennozzlesegments

soundpowerof suppressornozzle,w

soundpowerof standardnozzle,w

jetspacing(seefig.6(b)),ft

tailpipetemperature,‘R

jetvelocity,ft/sec

jetwidth(seefig.6(b)),ft

distancefromnozzleexitto pointat whichadjacentjets
impinge,ft

ratioof engine-inlettotalpressureto NAC.Astandardsea-level
pressureof 2116lb/sqft

ratioof engine-inlettotaltemperatureto NACAstandardsea-
leveltemperatureof 518.7°R

atmosphericairdensity,slugs/cuft

●

✎

APPAR&TUSAND PROCZC?JRE

TurbojetEngines

Two sxial-flowturbojetengines,withratedsea-levelthrustof ap-
proximately5,000and10,000pounds,wereusedin thisinvestigation.
At ratedconditions,thetotal-to static-pressureratioacrossthe exit
nozzlewas approximately1.7forthelow-thrustengineand 2.3forthe
high-thrustengine.The jetvelocitieswereapproximately1733and1900
feetper second,respectively.Theseenginesweremountedin an engine
thruststand,shownin figure1 withthe5000-pound-thrustenginein-
stalled.The centerlineof the engineis located8 feetabovetheground
plane. The engineswereequippedwithlargeinletbelbouth sectionsand
wereprovidedwithscreensat thebellmouthentranceto Preventingestion
of foreignmaterial.
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Enginethrustwasmeasuredby meansof temperature-compensated
strain-gagethrustlinksof appropriaterangewhichgavemeasurements
accurateto l/2percent.Engineairflowwasmeasuredby meansof static-
pressurerakesandwalltapsto within1/2percent.Additionalinstru-
mentationwaaprovidedformeasuringfuelflow,exhaust-nozzletotal
pressure,andjettemperature.

Threedifferentengineexhaustcones(twolargerthanstandard)
wereusedwith
in conjunction
usedonlywith

the5000~pound-thrustengine.The ~argerconeswere-used
withthenoise-suppressornozzles.The standardconewas
the standardconicalconvergentnozzle.

.

.

AcousticMeasurements

Thethruststand(fig.1) is locatedin an areawhichisunolmtmcted
rearwardandto the sidesforover1/2mile. Thenesrestreflectingsur-
face,otherthana smallcontrolroom,was locatedapproximately400feet .
in frontof thethrust-stand.Thereflectiveeffectsfromthecontrol
roomshouldbe extremelysmallat allthemeasuringstationsshownon
figure2,becauseno measuringstationsarecloseto thebuildingandbe- >

causeof thesmallsizeof thebuildingandtheangleatwhichit is
located.Measurementsof theover-allsound-pressurelevell-weremade
approximately8 feetabove~ound levelat 15°intervalsfromthe Jet
axisandat a 200-footradiusfromtheJetexitforallthepositions ““
shownin figure2. Sound-pressurelevelwasmeasuredwitha commercial
sound-levelmetersett-oa flatresponsefrom20 to 10,000cyclesper
second.Spectrumdatawereobtainedwithan automaticaudiofrequency
analyzerandrecorder.Thefrequencyrangeof thissystemis from35 to
18,000cyclesper secondtindis dividedinto27 one-third-octavebands.
The spectmmrecorderandrelatedequipmentwere-mountedin a specially
adapted,insulatedpaneltruck. Beforeeachtest,boththe sound-level
meterandthefrequency-recordingsystemwerecalibratedwitha smalJ
loud-speaker-typecalibratordrivenby a transistoroscillator.

Althoughextremecarewas takento calibratethesound-measuring
equipment,othersourcesof erroraffectedtheresults.Thewindhasan
appreciableeffecton jetdirectionandhencedistortsthe soundfield.
No testsweremadeat windvelocitiesgreaterthan14milesperhour,
but someerrorsdo occurbecauseof windgusts. Testsmadeon different
dayswiththe samenozzleshowedthatlocalsound-pressure-levelvaria-
tionsmightbe as highasA3 decibelsbecauseof displacementof thejet.
However,the sound-powerlevelsalwaysvariedlessthanH. decibel.The

%henomenclatureof’acoustictem (sound’pressure-,sound-pressure
level,soundpower,andspect~ level)usedin thisreportis thatof
reference9.

.

.
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soundpowershouldbe expectedto havelesserrorsinceit resultsfrom
an integrationoverthewholesoundfield,anderrorsin localvalues
tendto averageout.

Normallyacousticmeasurementsweremadeat enginerotationalspeeds
of 100,97.5,92.5,and87.5percentof ratedspeed. At eachengine
speed,spectrummeasurementsrequiredabout20minutes.In mostcases,
no spectrummeasurementsweremadeat 100percentspeed.

Noise-SuppressionNozzles

A listof thenoise-suppressionnozzlesusedin thisinvestigation
is givenin tableI. For convenience,eachnozzlehasbeenassigneda
letterdesignation(givenin tableI),suchas “nozzleA,’tand so forth,
andwillbe referredto in thismannerin the succeedingdiscussion.
Pertinentdetailsof thenozzlesareshownin figures3 to 13.

It shouldbe notedthatareaadjustmenttabshavebeenprovidedat
the exitsof allthenozzles(e.g.,fig.3). Thesetabssreusedto
trimtheexhaustareato obtainthe correctrelationbetweenengine
speedandtailpipetemperature,thatis,ratedtailpipetemperatureat
ratedenginespeed.

RESULTS

Theeffectivenessof thenoise-suppressiondevicesis demonstrated
by comparisonwiththeoriginalnoisesource. Initially,comparisons
willbe madeof thetotalsoundpowerradiated,the spectrumlevel(sound-
pressurelevelper cycle),andthedirectionalitypatternforthe various
suppressordevicesanda standardconicalconvergentnozzle.

Suchcomparisonsareusefulfor showingtrendsbut cannotbe usedas
absolutemeasuresof effectivenesssincesaibientconditionsaffectboth
theengineoperationandthe soundgeneration.Datawillbe presented
fora fixedenginespeedof either97.5or 100percentof ratedengine
speed. Theover-allsound-pressurelevelswillgenerallybe presented
for 100percentandthe spectrumlevel,for97.5percentratedengine
speedforthereasonsdiscussedin APPAMTUSAND PROCEDURE.Withregsrd
to bothacousticsandengineoperation,finalcomparisonsof the vsrious
nozzleswillbe madeusingnormalizedparameterswhicheliminatedaily
temperatureandpressurevariations.Furthermore,comps.risonsbetween
differentenginesequippedwithsuppressornozzlesareonlypossible
usingnormalizedparameters.
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NozzleA, Six-CorrugationNozzle

Figure14(a)showsthedirectionaldistributionof the soundfora
.

six-corrugationnozzle<nozzleA, fig.3) anda standardnozzle. On this
and subsequentsimilarfigures,onlyone-ha~thetotalsoundfieldis
shown. The valuesof sound-pressurelevelpresentedsreaveragesof the
valueson oppositesidesof theJetaxis. Thishasbeendonein orderto““m-
inimize thewindeffectsdiscussedpreviouslyinAPPARATUSAND PROCEDURE.

It is evidentthatthisparticularsuppressornozzleshowsvery
littleeffecton the directionalpatternandlevelof thesound. In fact,
thetotalsoundpowerradiatedforthisnozzlewas.164.3decibelsas com-
paredwith166.1decibelsforthe standardnozzle.Theseresults,in
general,co?u?lrmtEeworkof Greatrexon a similsrnozzle(ref.6).
Greatrexhas shownthatdeepercorrugationswillprovidegreaterreduc-
tionsin theareaof msximumsound-pressur=level(30°to 60°azimuths).
Severalfrequencydistributionsof soundpressureobtainedwiththisnoz-
zleare shownin figure14(b). Thefigureshowsthatthe spectrumlevels ““
at azimuthsof 90°and 150°arepracticallythessmeas forthestandard
nozzle.At a 30°azimuth,thereis a decreasein energybetweenfrequen- ,
tiesof 150and600cyclesper secondwithslightincreaseson either
side. It is not surprising,therefore,thatthepower-leveldistribution
withfrequencyispracticallyunchangedfromthatof the standardnozzle
(fig.14(C)).

NozzleB, Three-SegmentNozzle

NozzleB (three-segmentnozzle)reflectsthetrendtowarddeepe”r –
corrugationsmentionedpreviously(ref.6). Figure15(a)showsa polar
plotof theover-allsound-pressure.levelforthethree-segmentnozzle
(fig.4) andthe standardnozzle. It is evidentfromthefigurethat
thissuppressorhad littleeffecton eitherdirectionalityor sound-
pressurelevel. Consequently,thetotalpowerradiatedwasreducedonly
slightlyfromthatof the standardnozzle,that–is)lessthan1.0decibel.

The spectrumlevels(fig.15(b])at the 90°and150°azimuthsare
quitesimilarto thoseof the standsrdnozzleandonlythat-at the 30°
azimuthshowsany significantchanges.Herether-is a decreasein energy
betweenfrequenciesof 150and750cyclesper secondwithincreasedvalues
on eitherside. As mightbe expected,thefrequencydistributionof the
soundwas onlyslightlydlff’erent-fromthatof the standardnozzle(see
fig.15(C)).

NozzleC,Twelve-SegmentNozzlewithC“ent-erbody
..

NozzleC was theonlyone investigatedon thehigh-thrustengine;
and,as pointedoutpreviously,theresultsshouldonlybe comparedwith

.
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othersuppressornozzleson thebasisof normalizedparameters.This
nozzleutilizesthe ideaof deepcorrugationsbut has 12 separateseg-
mentsthroughwhichthegasissues(fig.5).

The soundpolarplotof theover-allsound-pressurelevelfor this
suppressornozzleanda standardnozzleis shownin figure16(a). These
datashowa msrkedreductionin sound-pressurelevelbothrearwardand
to the sidesof theengine. In fact,thepeaksound-pressurelevel(at
the 30°azimuth)hasbeenreducedby 11 decibels.The over-alleffect
hasresultedin a sound-powerreductionof 8.5decibels.Mostof this
reductionin soundpoweroccurredin thefrequencyrangefrom40 to 1000
cyclesper second,as shownin figure16(c). In fact,thereductionat
a frequencyof 200cyclesper secondis aboutX5 decibels.Furthermore,
thespectrumlevelsat variousazimuthangles(fig.16(b))showquite
interestingcharacteristics.At a 30°azimuth,the spectrumlevelis
decreasedin thefrequencyrangebetween40 and1000cyclesper second;
at a 90°azimuth,the spectrumlevelis decreasedin the frequencyrange
between40 and 300cyclesper second;andat a 150°azimuth,the spectrum
levelis reducedin thefrequencyrangebetween40 and2000cyclesper
second.

NozzleD, Nine-SectionRectangular(3in.Wide

by 12 in.High)SlottedNozzle

The effectivenessof nozzleD (9-sectionrectangularslottednozzle)
as a noisesuppressoris shownby thepolardi&grsmof over-allsound-
pressurelevel(fig.17(a)).Dataarepresentedforthenozzlemounted
bothhorizontally(fig.6) and vertically.It is evidentthatmeasure-
mentsmadein a horizontalplaneshowa differentpattern,dependingon
nozzleorientationhence,theusualassumptionof spatialsyrmnetrydoes
nothold. Thiseffectwas expected,however,sincetheresultsof refer-
ence10 for singlenozzleswithelongatedcrosssections(ellipses)show
thistendency.It was expectedthiseffectmightbe amplifiedby theuse
of multipleslots. The effectof nozzleorientation(fig.17(a))shows
thattheover-allsound-pressurelevelsincreasedsomewhatfromthe 45°
to the 90°azimuthanddecreasedfromthe 15°to the 30°azimuthwhen
thenozzlewasmountedvertically.

The distributionof soundpressurewithfrequencydoesnot appear
to differ~eatly withnozzleorientation,as shownby the spectrum
levels(figs.17(b)and (C)). Asidefromslightshiftsin levelswhich
reflecttheresultsshownin figure17(a),thereare smalldifferences
in the shapeswhichindicatean energyshifttowardhigherfrequencies
forthenozzlemountedvertically.In essence,thismeansthat,for a
nozzlemountedhorizontally,the soundpressuresin the verticalplane
(verticalto groundandcontainingthe Jetaxis)sresomewhatgreater
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andhavemorehigh-frequencyenergythanthosein thehorizontalplane
(parallelto groundand.containingthe”jetaxis). .

Thefactthatthe soundfieldis notaotationallysymmetricalabout
the jetaxismeansthat-thesound-powerradiation(over-allor in fre-
quencybands)shouldbe calculatedusingaveragevalues.Fromthere-
sultsshownin figure17(a},it is evident–thata simplearithmetic
averageof theintensitiesis sufficientto givegoodaccuracyfor
eithertotalsoundpoweror powerlevelsin frequencybands.

The distributiono~-soundpowerwithfrequencyis shownin figure ~

17(d). It is evidentthat-considerabledecreaseshave-beenobtainedat
frequenciesfrom100to 2000cyclesper secondwliacomparedwiththat
of a standardnozzle.Thetotalpowerradiatedis 161.4decibelsas
comparedwith166.1decibelsfor a standardnozzle.

NozzleE, Nine-SectionRectangular(2in.Wideby
●

18 in.High)SlottedNozzle .

Figure18(a)showsthe soundpolardiagremfornozzleE (9-section
rectangularnozzle)mountedinboththehorizontal(fig.7) andvertical
positions.It is evident-thattheuse of longnarrowslots(2by 18 lm.)
hasresultedin considerablesoundemanationat ap~roximatelyright
anglesto the jet (90°azimuth),as evidencedby thedataforthe ver-
ticalposition.Itwouldappearthat,in general,nozzleE produces
greatersoundpressuresthannozzleD andhenceis a less-effectivenoise
suppressor.Thetotalsoundpowerradiatedby nozzleE is 163.9decibels,
whichis 2.5decibelsmorethanfornozzleD but somewhatlessthanfor
the standardnozzle(166.Ldb).

The distributionof soundpowerwithfrequencyfornozzleE as com-
paredwiththatfor a stan-d nozzleis shownin figure18(d). It is
evidentthatsomelow-frequencyenergy(100to 1500cps)hasbeenshifted
to higherfrequenciesleavingthetotal-powerradiatedapproximatelythe
sameinbothcases. It is evidentfromthe spectrum-levelcurvesof
figures18(b)(nozzlehorizontal)and (c)(nozzlevertical)thatthe
shiftin t&al”powerspectmmresultsd~e~ly from-the
in theregionof maximumsoundradiation(30°azimuth)
energyat higherfrequenciesforthe90°azimuth.

NozzleF, Seven-SectionRectangular(Z:in.

by 18 in.High)SlottedNozzle

shiftin energy
andtheincreased

Wide

NozzleF (seven-sectionrectangularslottednozzle,fig.8] is a
modificationof nozzleE discussedin theprecedingsection.The

.
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originalnozzle(nozzleE) was cutbackandthetwoouterslotsblocked
offby an internalfairing.BothnozzleF andtheoriginalnozzleshow
somewhatthe sanecharacteristics.Thepolardisgramof over-allsound-
pressurelevels(fig.19(a))showsconsiderableradiationat nesrly
rightangleto the jetaxisas doestheoriginalnozzle.Thereis one
veryimportantdifference,however.NozzleF showspracticallyno ef-
fectof nozzleorientationon over-allsound-pressurelevel,whereas
theoriginalnozzleshowsappreciableeffects.It is evidentfroma
comparisonof figures18(a)and 19(a)thatnozzleF is notappreciably
differentfromthe originalnozzle,E. The soundpowerradiatedis
163.5decibelsforthemodifiednozzleand163.9decibelsforthe orig-
inalnozzleas comparedwith166.1decibelsforthe standardnozzle.

The distributionof soundpowerforthisnozzle(fig.19(d))shows
onlysmalldifferencesfromtheoriginalnozzle. Furthermore,the
spectraat thethreeazimuthpositions(figs.l$l(b)and (c))srequite
similarto thoseobtainedwithnozzleE. At the 30°azimuth,the spec-
trumdipis greaterfornozzleE thanfornozzleF (bothmountedhori-
zontally).Withverticalnozzleorientation,thereverseis true. A
comparisonof the spectraverticallyandhorizontallyfornozzleF shows
that,whilethereis spatialsymmetryof theover-allsoundpressure
(fig.19(a)),thereis not symmetryfortheindlvidualfrequencybands.

In fact,at frequenciesnear1000cyclesper second forthe 30°
[azimuth),dataforthenozzlemountedvertically(fig.19 c))showre-

ductionsin spectrumlevel(fromthatof the standsrdnozzle)of as much
as 25 decibels.Forthenozzlemountedhorizontally(fig.19(b)),data
forthe ssmeazimuthandfrequencyshownegligiblereduction.Thenet
effecton soundpoweris thereforequitesmall(fig.19(d)).

NozzleG, Six-SectionRectangular(6in.Wide

by 9 in.High)SlottedNozzle

The soundpolsrdiagramfornozzleG (mountedhorizontally,fig.9)
andthe standardnozzleis shownin figure20(a). Thereis a reduction
in soundpressurefornozzleG (six-sectionrectangularslottednozzle)
in alldirections.A checkof thisnozzlemountedverticallyshowedno
appreciablechangesin thesound-pressurelevel. Thedistributionof
the soundpower(assumingspatialsymmetry)is shownin figure20(c).
Comparisonof thedistributionwiththatof the standardnozzleshows
thatthereductionof totalpowerfrom166.1to 162.6decibelsresults
froma reductionin soundpowerat thefrequenciesbelow600cyclesper
second.

The spectrum-levelcurves(fig.20(b))showratherinteresting
characteristicswhencomparedwiththoseof a standsrdnozzle.At the
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30°.azimuth,thereis considerabledecreasein energybelowfrequencies
of 500 cyclesper secondandconsiderableincreaseabovefrequenciesof
700 cyclesper second.At the90°aztith,thedatashowlittleeffect
at lowfrequenciesbut a dipin enera at frequenciesbetween700and
32CQcyclesper second.Theresultsat the150°azimuth”sreqtitesim-
ilarforboththisnozzleandthe standardnozzle. It”is interesting
thatthe shiftin energyupwardinfrequencyon the 30°azimuthis
mostlyoffsetby thedecreasein energyabovea frequencyof 700 cycles
per secondradiatedat the90°azimuth.Theresultanteffect(fig.
20{c))showslittlechangein thetotalenergyabovea frequencyof 700
cyclesper secondwhencomparedwiththe standard”riozzle.

NozzleE, Six-SectionRectangular(9in.Wide

by 6 in.High)SlottedNozzle

The characteristicsof nozzleH (six-sectionrectanwlarslotted
nozzle,fig.10)sreveryshilar to thecharacteristicsof nozzleG
discussedin theprevioussection.Thetotalpower_radiatedwas some-
whatless,161.3decibelscomparedwith162.6decibels,andtheover-all
soundpressureswereslightlyreduced(fig.21(a))~but,in general,the
discussiongivenpreviouslyappliesequallywellforbothnozzles.

Nozzle1, Six-SectionRectangular(9in.Wide-by6 in.High)

OffsetSlottedNozzle

NozzleI (six-sectionrectangularoffsetslottednozzle)is a modi-
ficationof thenozzlediscussedin theprevioussection.Theouter
slotswerecutback6 inchesandthenextinnerpair,3 inches(fig.11).
Internaltrimmerswereusedta obtainthe sameslot~idth. As mightbe
e~ected,thepolardiagramof.sound-pressurelevel(fig.22(a)),the
soundpower(161.4db),andthedistributionof soundpowerwithfre-
quency(fig.22(c))arenearlythesameforboththe modifiednozzleI
andtheoriginalnozzleE.

The spectrum-levelcurvee(fig.22(b))showsomevariationfrom
thoseof nozzleH, but the generaltrendsremainthe same. Thereis
a slightshiftandincreasein thedipof thefrequencydistribution
curvesat a frequencyof about400 cyclesper secondforthe30°azimuth
data. At a 90°azimuth,thereis a peakin energyat a frequencyof
2500cyclesper secondinsteadof thedipobtaiuedwiththeoriginalnoz-
zle. Thetotaleffectsof thesechanges,however,arenotlarge,andit
wouldappearthatthe slightlynoncoplanarslottednozzleis not signi.fl-
cantlydifferentacousticallyfromthecoplanarnozzle----

.
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NozzleJ, 18-SectionRectangular(2;in.Wideby

u

.

6 in.High)SlottedNozzle

.

SoundpolardiagramsfornozzleJ (18-sectionslottednozzle)
mountedbothhorizontally(fig.12)andverticallyareshownin figure
23(a). It is evidentthatconsiderablyhighersound-pressurelevels
wereobtainedwiththenozzlemountedin the verticalposition,thatis,
the soundfieldis notrotationallysymmetrical.Spectrum-levelcurves
(figs.23(b)and (c)) forthenozzlemountedinboththehorizontaland
verticalpositionsshowa considerabledecreasein the low-frequency
ener~ withsomeincreaseof high-frequencyenergy.Thisis cleaxly
evidentat the 30°azimuthforbothnozzleorientations.Thetrendto
lesslow-frequencynoiseis evidentatboththe90°and150°azimuths.
The over-alleffectis shownin figure23(d)andindicatesa 10-decibel
decreasein soundpressureat a frequencyof 200 cyclesper secondwith
a slightincreasein theenergyabovea frequencyof 2000cyclesper
second.The totalpowerratiatedbynozzleJwas 5.0decibelslessthan
thatof the standardnozzle..

NozzleK, 12-SectionRectangular(4in.Wide

by 6 in.High)SlottedNozzle

NozzleK (12-sectionrectangularslottednozzle,fig.13)is a mod-
ificationof the 18-sectionslottednozzlediscussedin theprevious
section.The sound-pressurefieldobtsinedwiththisnozzlemounted
horizontallyis shownbythepolsrdiagrsmof figure24(a). The spectrum-
levelcurvesat threepositions=e shownin figure24(b).A comparison
of theseresultswiththeresultsforthepreviousnozzledo not showany
significantchanges,and,in fact$the 12-sectionnozzleappesrsto be
a lesseffectivesuppressor.Thisresultslsrgelyfromthespectrum
changesat the 30°azimuthin thefrequencyrangebetween300and 1000
cyclesper second(fig.24<b)).Becausethisnozzlewas notparticularly
differentandnot - gooda suppressoras the I_S-sectionslottednozzle,
itwas nottestedin the verticalposition.Hence,no powerlevelsare
availablesincethe soundfieldcannotbe assumedrotationallysymmet-
ricalfor sucha configuration.

Comparisonof Sound-PowerRadiationby Meansof Lighthill’sParameter

In orderto providea validcomparisonof the soundpowerradiated
withthe veriousnozzleswithregardto bothacousticsandengineopera-
tion,thedatamustbe normalizedso thateffectsof dailytemperature
andpressurevariationsareinsignificant.Fortheenginethisis ac-
complishedby properlytriming thetailpipeareasuchthattheengine
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alwaysoperateswiththe correctrelationbetweencorrectedtailpipe
temperatureT/e smd”correctedenginespeed N/@. It iswellestab-
lished(refs.10 and11]thatthe soundpowerradiatedfroma jet issu-
ingfroma circularconvergent-nozzlecanbe correlatedusingthe
Lighthillparsmeterpgvaj~ . In reference2 it i.sshownthatboth
smallair-jetandfull-scaleenginesarewellcorrel.akdby a singlerela-
tionif the velocityV usedforthe-engineis definedas theratioof
enginethrustto massflow. The linearrelationof soundpowerand
Lighthill’sparameter,bothinwatts,wasfoundto applyeventhoughthe
nozzlepressureratioslightlyexceeded”thechokingvalue(ref.2).
Thrust”lossesshowup as a decreasein velocityanda consequentdecrease
in Lighthill’sparameter.Thisis an extremelyimportantpointsinceany
devicewhichreducesthrustjhenceLighthillrsparameter,mustshow
greaternoisereductionsthanthosewhichcouldbeobtainedby throttling
backtheengine(witha standardnozzle)to an equalthrustvalue.

Figure25 showsthesound-powerratio(ratioof suppressor-nozzle
soundpowerto standard-nozzlesoundpower)fo~all thenozzlesplotted
againstLighthilllspsrsmeter.NozzlesC, D, G, H, Z, andJ allgive
substantialreductionsand,in fact,reducethe soundpowerby 50 to 75
percent(3to 6 db)at ratedenginepower.

ThrustLossof SuppressorNozzles

As mentionedpreviously,conditionsat-thejetexitof an engineare
dependenton theambientconditions.It–iswellestablished(ref.12)
thatenginethrustcanbe normalizedby plottingcoz%rectedthrust F/5

F
againstcorrectedenginespeed IJ/63.Figure26 showsthecorrected
thrustratio,thatis,theratioo suppressor-nozzlecorrectedthrust
to standard-nozzlecorrectedthrust,plottedas a functionof corrected
enginespeed. It is evidentthereis a notablerangeof thrustlosses.
The extremelylsrgethrustlossof nozzleF (seven-segment(2~by 18 in.)
rectangularnozzle)wasprobablycausedby lowpressuresactingon the
surfacesbetweenthesegments.Suchlowyressuresresultfromtherela-
tivelyhighinducedvelocitiesof themixingairin traversingthe long
narrowslotsbetweenadjacent-jets.

The largethrustlossesof nozzleC withthelargecenterbodyalso
probablyresultfromlowpressures.In thiscase,thehotgasesseparate
fromthe coneandlowpressuresresult.As mightbe.e~ected,thethrust
lossdecreasesat ratedspeedsince-thenozzlepressureratiois high
(2.3)andhencetheflowwillexpandandflowfartheralongthe cone. It
is quitepossiblethatsomeof thislossmightbe decreasedbyusing
betteraerodynamicdesign.

It is interestingto notethatnozzlesG, 1, andD weresmongthe
bestdevicestestedfornoisereduction,andallhavequitesmallthrust

.

.

.
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losses.Severalof the datapointsfornozzleI areslightlygreater
thanunity. Thisresultsfromdecreasedpressurelossesassociatedwith
the larger-than-standsrdexhaustconeusedwiththisnozzle.

DISCUSSIONOF FW3ULTS

Spectrumof Noise

In allcaseswheresignificantnoisereductionwas achieved(noz-
zlesC, D, G, H, I, andJ),theeffectoccurredat lowfrequencies.At
highfrequencies,thenoisewaa eitherunalteredor slightlyincreased.
Forexample(fig.17(d)),nozzleD showsreductiononlyat frequencies
lessthan2400cyclesper second,whileat thehigherfrequenciesthe
sound-powerlevelwas virtuallyunchanged.Thereasonsforthiscanbe
explainedin thefollowingmanner.

Whentwoadjacentjets,as shownin thefollowingsketch,emerge

Mixingof
adjscent
jets

fromthenozzle,theymixwiththe surroundingairand spread.At some
pointdownstream,themixingzonesintersect.The noisegeneratedby
eachof the jetsbetweenthenozzleexitandthepointof intersection
shouldremainvirtuallyunchanged,whereasthenoisegenerateddownstream
of thispointwouldbe altered.Thisdoesnotnecessarilymeanthatthe
high-frequencynoise(generatednearthe Jetexit]measuredin the far
fieldwouldbe unaltered.Itwouldbe expectedthatthemixingof the
two jetswouldresultin decreasededdysizesanda consequentdecrease
in thelow-frequencynoisegenerateddownstreamwithan increasein the
high-frequencygeneration.If theturbulentintensityin themixing
regionof theadjacentjetsis reduced(unpublisheddata),thenan in-
creasein high-frequencyradiationmsy notbe too significantin terms
of totalsoundpower. Thisdecreaseinbotheddysizeandturbulent
intensitywouldfulfilltherequirementsfornoisereductionstatedin
reference7.

If theadjacentjetsareconsideredto expanduniformlyat a half-
angleof 9.4°(ref.13),thenit is possibleto calculatethe distance
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downstreamx at whichthe
in general,thefrequencies
cipallydownstreamof point
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two jetsimpinge.Itwouldbe expectedthat,
mostaffectedwouldbe thosegeneratedprin- .
x.

In reference13 a curveis givenof theapparentpositionsof the
acousticsourcesin a jetas a functionof theaxialdownstreamdistance~
thehighfrequenciesbeinggeneratednearthejetexitandthelower
frequencies,downstream.ThesedataarepresentedIn termsof the di-
mensionlessparameter,Strouhalnumber fD/V,againstdownstreamdis-
tancein exitdiameters(fig.16,ref.13]. UnpublishedNACAdatashow
thattherelationgivenholdsovera widerangeof nozzlediametersand ~

jetvelocities.If it is assumedthatrectangularslotsgeneratesound
in the samemannersadthattheimportantdimensionis thejetwidth,
thenit is possibleto calculatethehighestfrequencyaffectedlymix-
inginterferencefxo Thishasbeendone,andtheresultssregivenin
tableII. Thesecalculationsweremadefortheconditionsat a nominal
enginespeedof 97.5percentratedspeed.Estimatesof fx havebeen m
madeforbothnozzlesB andC usingan effectivewidthandspacing.The
effectivewidthand spacingwerecalculated,byas=umingthat,sincethe
gaspassagesareroughlytrapezoidal,theeffectivewidthis approxl-

.

matelytwothirdsthedistancebetweentheouterandinnershellsandsof
course,nearestthe outershell. No estimateswereattemptedfornozzle
1,whichhas noncoplanarexits.

A comparisonOY the calculations-withthefrequenciesestimated
fromtheappropriate-power-leveldistributioncurvesshowsthat,in
general,theagreementis quitegood. Thenotableexceptionis nozzle
F. Sincethisnozzlewas a veryineffectivesuppressor,thedifference
probablyresultsfromthe dissimilaritybetweentheactualflowcondi-
tionsas comparedwiththesimplifiedcalculations.

Sound-PowerGeneration

Furtherstudyof the sketchshownpreviouslywouldindicatethat
theratioof the volumeinwhichmixinginterferenceoccursto thetotal
volumeof theadjacentjetsis proportionalto s~w. Furthermore,the
volumeratioIs dependenton thetotalnumberof Jetsforwhichmixing
interferenceoccurs.Sinceit mightbe expectedthattheoutsidehalves
of theendjetswouldbe relativelyunaffected,thenthetotalvolume
ratiowouldbe approximatelytheproductof S/w andthenumberof jets
lessone,thatis,thenumberof spacesbetweennozzlesegmentsn. The
noisesuppressionof the slottednozzleswouldthereforebe expectedto
be a functionof ns/w.

A simplemeasureof the suppressionof theslottednozzlesis shown
by theratioof the soundpowergeneratedbythesuppressornozzleto
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thatof the standardnozzle(fig.25). Figure27 showsthissound-
powerratio(atratedengineconditions)as a functionof ns~w. Also
shownon thiscurvearethedatafornozzleC, whichhasno endeffects.
T?hegeneralresultwouldappearto be thatallthedataexceptthosefor
nozzlesE, F, andJ canbe representedby a singlecurve. Undoubtedly
the slotheighthas someeffect. Itwouldappearthatthiseffectis
smallforallthenozzlesexceptE andF. As longas thereis sufficient
roombetweenadjacentjetsforthemixingairto freelytraversedownthe
slots,thenthe solidcurveapplies.If thisis notthe case,thenthe
curveis shiftedupward,as shownin figure27. Thisupwardshiftprob-
ablyoccursabruptly,as is usualwithphenomenarelatedto jetattach-
mentto surfaces.Suchphenomenausuallyoccurbecauseof a pressure
differential,andthe jetwilltryto maintainitsnormalpatternand
thensuddenlyshiftas a certainpressuredifferentialis reached.From
an examinationof thegeometryof theconfigurations,it wouldappear
thatthisshiftoccurredsomewherebetweena spacing-to-heightratio
s/h of 0.167and0.111.

TheresultsfornozzleJ mightwellbe high,sincethisnozzle
showedmarkeddfiferencesin the soundfielddependenton thenozzle
orientation.A singleaverageof the soundpowers(verticalandhori-
zontalnozzleorientation)maynotbe sufficientforthisparticular
nozzle.

It mightbe expectedthatthesolidcurverepresentingthebetter
noisesuppressorswouldholdgenerallyforall suppressorsof thistype.
In fact,unpublisheddatausingmodeljetsshowgoodagreementwith%Ms .
curvefor comparablevaluesof jetpressureratio. Sincethisis the
case,thenfigure27 indicatesthatthemostnoisereductionwhichcould
be expectedfromsuchsuppressorsoccursnear ns~w of 12. It appears
thatfurtherincreasesin ns/w willnotresultin substantialnoise
decreases.Certainlyincreasesin s/w willtendto increasenoise
levels,sincejetsspacedfsrapartshouldbe relativelyunaffectedly
mixinginterference.In fact,at largevaluesof S[w the levelsshould
returnto thatforthe standardnozzle.

CONCLUDING~

It is etidentfromtheresultspresentedhereinthatit is possible
to greatlyalleviatethenoiseproblemsof currentjetengines.It is
notpossible,however,to recomnendany specificnozzleas appreciably
betterthanalltheothers.NozzlesC, D, G, E, 1, andJ alla~ear to
be reasonablygoodsuppressorsandreducesoundpowerby 50 to 75 percent
(3to 6 &b). Thereductionsin thepowerin variousfrequencybandsis
as muchas 15 decibels.The sound-pressurelevelsat particularpositions
showedreductionsof 5 to 12 decibelswithas muchae 18 decibelsin
variousfrequencybands. In somecasesthe soundfields(nozzlesD and
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J) arenotrotationallysymmetricalandhencewillcausespecialprob-
lems. NozzlesC!,E, andJ had considerablethrustloss(about4 to 7
percent),whereasnozzlesD, G, andI had quitemall thrustlosses.

.

Apparentlyit is notpossibleto achievea greatdealmoresound
reductionfromthetypesof nozzlespresentedherein.The conversion
of thetestnozzlesto flyinghardwsrerepresentsa considerabledevel-
opmenteffort.Furthermore,a greatmanypractical-problemsin regard
to nozzleweightsnddragin flightremslnto be answered.Certainly
allthenozzlestestedwillrequirefurtherstudyto minimizethese
effects.
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TABLEI. - NOISE-SUPPRESSIONNOZZLES

LetterRated Descriptionof nozzle Details
3esig-tbrust in
uationof test fig.-

engine,
lb

A 5,000 Six-corrugationor Greatrext~e (ref.6) nozzle 3
B 5,000 Three-segment-ozzle 4
c 10,000 Twelve-segmentnozzlewithcenterbody 5
D 5,000 Nine-sectionrectangular(3in.wideby 12 in. 6

high)slottednozzle
E 5,000 Nine-sectionrectangular(2in.wideby I-8in, 7

high)slottednozzle

F 5,000 Seven-sectionrectangular(2:in.wideby 18 in. 8
high)slottednozzle(modificationof nozzleE)

G 5,000 Six-sectionrectangular(6in.wideby 9 in.high) 9
slottednozzle

H 5,000 Six-sectionrectangular(9in.wideby 6 in.high) 10
slottednozzle

I 5,000 Six-sectionrectangular(9in.wideby6 in.high) u
offset(differentexitplanes)slottednozzle

J 5,000 Eighteen-sectionrectangulsx(2.7in.wideby 12
6 in.high)slottednozzle

K 5,000 Twelve-sectionrectsmgulax(4in.wideby 6 in. 13
high)slottednozzle(modificationof nozzleJ)

TABLEII.- FREQUENCYfx AT DISTANCEX

DOWNSTREAMWBEKEADJACENTJ33TSIMPINGE

Nozzle fx,Cps

Calculated Measured

B
c
D
E
F
G
H
J

1223
1365
2600
1815
3170
914.
850
2270

[

1000(fig.14 c))
1600(fig.15 C))

/

2400 fig.16(d))
1800 fig.17(d))
2200 fig.18(d))

1[

720 fig.19(c))
800 fig.20 C))
2100 fig.22 d))

*

.

—..
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(a) Photograph.

21

(b)Sketch.

F-e 3..~o~~leA,aix-co~tfanorGr86trext= (ref.6)-z18.
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●(a)Photograph.

(b)Sketch.

Figure4. - NozzleB,thrae-ae~~-~.
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(a)motogmph.

Figure5.

(b)Sketch.
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- nozzleC, twelve-segm=t mzzle wi~ Oenterb-.
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(a) Photograph.
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(b)Sketoh.

Figure6. - NozzleD, ~aestion reotanguler(S In.wiUabg 12 h. high)slottedaozsle.
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(a)Photograph.
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(b)8ketoh.

Figure7. - NozzleB, Mne-sestlonrecten.gular(2 In.wideby 18 in. high)slottednozzle.



llgnra S. - WzzlE F,

Inauced-cdr
pmage

v

.wmn-mctimred.anmw (2; in.wideby18in.Mgh) f310tWno=lm.

., ‘2927 “ ,

N
m



RACATN 3974 27

.

(a) Photo&raph.

- v“’:1/
(b)Sketch.

Figure9. - lTOzzleG, slx-s=tionrectangular(6

.............! ., Irniuaed-air.. ........ .,. ........ ... plscnm..... . ..

m,,,WUst-gaa
w. ~ssage

in.wideby 9 h. high)slottednozzle.
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(a)Fhoto~aph.~m..t

(b)Sketoh.

Figure10.- NozzleE, six-sectionrectangular(9 &. “wideby 6 in.hi@) slottednozzle.
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(a) Photograph.

(b)Sketoh.

Figure11. - Nozzle1,six-sectionrectangular(9 In.wide by 6 In. high)offsetslottednozzle.
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(b)6ketoh.

Figure12.- NozzleJ, eighteen-eeotionrectangular(2.7m.w~~eby6in.high)slot.te4nozzle. ,.
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(a)Photograph
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(b)@ketch.

Figure13.- IkmzleK,twelve-sectionrectan@ar (L in.wideby 6 in.high)610ttedruxzle.
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(R) DirectiamlityWttern.

Figure

(b] Spectra,1% ,tthr”●simutlu.
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20.- Saund-ffeldcherectexkrbicsubnozzleG.
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(b)Spectrumlevel at threeazimuths. .
Figure24. - Sound-fieldcharacteristicsofnozzleK (nozzlehorfzzntel).
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